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Epidemiological evidence suggests that nonsteroidal anti-inflam-
matory drugs (NSAIDs) decrease the risk for Alzheimer’s disease
(AD). Certain NSAIDs can activate the peroxisome proliferator-
activated receptor-y (PPAR7y), which is a nuclear transcriptional
regulator. Here we show that PPARy depletion potentiates -
secretase [B-site amyloid precursor protein cleaving enzyme
(BACE1)] mRNA levels by increasing BACE1 gene promoter activity.
Conversely, overexpression of PPARy, as well as NSAIDs and PPARy
activators, reduced BACE1 gene promoter activity. These results
suggested that PPARy could be a repressor of BACE1. We then
identified a PPARYy responsive element (PPRE) in the BACE1 gene
promoter. Mutagenesis of the PPRE abolished the binding of
PPARY to the PPRE and increased BACE1 gene promoter activity.
Furthermore, proinflammatory cytokines decreased PPARy gene
transcription, and this effect was supressed by NSAIDs. We also
demonstrate that in vivo treatment with PPARy agonists increased
PPARy and reduced BACE1 mRNA and intracellular B-amyloid
levels. Interestingly, brain extracts from AD patients showed
decreased PPARy expression and binding to PPRE in the BACE1
gene promoter. Our data strongly support a major role of PPARy
in the modulation of amyloid-B generation by inflammation and
suggest that the protective mechanism of NSAIDs in AD involves
activation of PPARy and decreased BACE1 gene transcription.
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Formation of amyloid peptides [amyloid-B (AB)] by neurons is
generally thought to be a prime trigger of the pathogenesis of
Alzheimer’s disease (AD). The generation of A is initiated by a
protease that cleaves a larger precursor protein, the B-amyloid
precursor protein (BAPP), at the N terminus side of the ApB
peptide. B-secretase or B-site APP-cleaving enzyme (BACE1) was
cloned and identified as a transmembrane aspartyl protease (1).
BACETI deficiency precludes AB formation in transgenic mice (2)
and does not cause or promote any neurological or phenotypic
abnormalities. Moreover, BACE1 inactivation rescues memory
deficits in transgenic mice (3), strongly supporting the importance
of BACE] as a therapeutic target in AD.

Several studies have demonstrated that BACEI expression can
be modulated by various factors. For instance, oxidative stress
increases the expression and activity of BACE1 in NT2 neurons (4),
whereas it is up-regulated in chronic models of gliosis (5) and
experimental traumatic brain injury (6). In addition, BACEL1 pro-
tein levels and the B-secretase product (3-C-terminal fragment) are
increased in brain of sporadic AD patients (7). Although BACE1
expression increases with age in mice (8), there is no consensus
regarding BACE1 mRNA levels in AD patients (7, 9). Evidence has
been presented for regulation of BACE1 expression at the tran-
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scriptional as well as the translational levels. The untranslated
5'-BACEI! transcript leader contains upstream ORFs that can
reduce the translation of the main ORF (10). The BACEI gene
promoter region was recently cloned, and several putative tran-
scription factor-binding sites were identified (11-13).

We recently demonstrated that BACE1 mRNA and protein
levels are increased by proinflammatory mediators and down-
regulated by nonsteroidal anti-inflammatory drugs (NSAIDs) (14).
Because certain NSAIDs are agonists for peroxisome proliferator-
activated receptor-y (PPARYy) (15), we hypothesized that the
protective mechanisms by which NSAIDs mediate reduction of AB
via BACE1 could involve activation of PPARy (14). PPARYy
represent ligand-activated transcription factors that belong to a
nuclear receptor superfamily, and two isoforms, i.e., PPARvy1 (16)
and PPARY2 (17), are formed from the same gene by alternative
mRNA splicing. PPARy forms heterodimers with retinoid X
receptors (RXR) and upon ligand activation, the PPAR/RXR
heterodimer recruits coactivators and binds to sequence-specific
PPRE present in the promoter region of its target genes (18).
Alternatively, PPARy can inhibit specific gene expression without
direct binding to the gene promoter, because transrepression of
several genes, i.e., iINOS and COX-2, is achieved in part by
antagonizing the activities of transcription factors STAT1, NF-«B,
and AP-1 (19).

In the present work, we analyzed the promoter region of the
BACEI1 gene and identified a functional PPRE. Further, we
examined whether PPARY is altered in AD by determination of
PPARYy levels in brain of AD patients and AD transgenic mice.
We demonstrate that NSAIDs modulate BACEL1 transcription
by repressing its promoter activity specifically through PPARYy
activation.

Materials and Methods

Materials and Antibodies. Immunostimulants and inhibitors tested
were IFN-vy (Sigma), TNF-a (Roche, Mannheim, Germany), ibu-
profen (Sigma), pioglitazone (Takeda, Osaka), indomethacin,
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naproxen, sulindac sulfide, BAY11-7082 (Alexis Biochemicals,
Griinberg, Germany), and the PPARy antagonist GW0072 (pro-
vided by Timothy Willson, Glaxo). The monoclonal antibody 6E10
was obtained from Signet Laboratories (Dedham, MA), polyclonal
pan-Ap antibody was obtained from Calbiochem, polyclonal anti-
body for PPARYy from Alexis Biochemicals, as well as polyclonal
H-100 from Santa Cruz Biotechnology, which is highly specific for
PPAR<y and does not crossreact with PPARa or PPARB. The
polyclonal antibody 369 for APP was a generous gift from Sam
Gandy (Thomas Jefferson University, Philadelphia) and polyclonal
antibody against CT-BACE1 7520 from C. Haass (Ludwig-
Maximilians-Universitdt, Munich). Tissue culture reagents were
obtained from Invitrogen. All other chemicals were purchased from
Sigma.

Human Postmortem Brain Samples. Human brains were obtained
from routine autopsies at the Huddinge Brain Bank in accordance
with the laws and the permission of the ethical committee. The
control group included brains from subjects who died either of
nonneurological diseases or traffic accidents and had no history of
long-term illness or dementia (seven male, three female; mean age
was 77 £ 4 years, range 62-91years). The AD group included the
brains from patients with clinically and pathologically confirmed
AD (four male, six female, mean age 83 * 2 years, range 74-93
years).

Animals. The transgenic mice used in this study were of the FVB/N
genetic background and expressed APPV7171 under the control of
the mouse thyl gene promoter. Mice 10 months of age were used,
because APPV717I mice begin to deposit amyloid peptides at this
age. Mice were fed Purina 5002 rodent chow ad libitum supple-
mented with either ibuprofen or pioglitazone for 7 days. There were
six animals per group. The final dosage of drug was computed to
be 62.5 mg/kg per day of ibuprofen and 40 mg/kg per day of
pioglitazone.

Cell Lines, Cell Culture, and Transient Transfection. Mouse embryonic
fibroblast (MEF) knockout from PPAR<y were obtained as de-
scribed (20). Mouse neuroblastoma N2a cells stably transfected
with APP695 containing the Swedish mutation (K595N/M596L),
so-called APPsw, were obtained from G. Thinakaran (University of
Chicago, Chicago). Human embryonic kidney (HEK)293 cells
stably transfected with APPsw were kindly supplied by C. Haass
(University of Munich, Munich). Transfections were carried out by
using Lipofectamine 2000 (Invitrogen) or FuGene (Roche).
PPARY]1 reporter plasmid pGL3-yP3000 was obtained from Johan
Auwerx, Strasbourg, France). Cells were incubated for 20 h with
OPTIMEM alone or with cytokines IFN-y (1 ng/ml) + TNF-a (30

ng/ml).

PPARy Small Interfering (si)RNA. siRNA duplex to down-regulate
PPARY expression was directed to the target sequence 5'-
AAGACCACTCGCATTCCTTTG-3' of the mouse PPARYy
cDNA and to the sequence 5'-GACCACTCCCACTC-
CTTTG-3" of the human PPARy cDNA. As a control, the
following target sequence was used: 5'-AAGAGGTGGC-
CATCCGAATTT-3’, which did not modify PPARYy expression.

Site-Directed Mutagenesis. Site-directed mutagenesis in the
1.5-kb BACE promoter fragment cloned in pGL3 vector was
carried out by using the QuickChange Site-Directed Mutagen-
esis Kit (Stratagene).

Western Blotting and Determination of Secreted AB and CTF-B.

Determination of AB and CTFs and Western blotting were done
as described (14).
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Luciferase Assay. The luciferase reporter assay was performed
according to the instructions of the manufacturer (Promega).

EMSAs. Nuclear proteins (10 ug) were incubated for 20 min on ice
with double-stranded 3?P-labeled oligonucleotides in a final
volume of 15 ul. Oligonucleotides with the consensus PPRE site
present in BACEL promoter were: 5'-ATCAGGTGGGTCAT-
GAGG-3' 3'-TAGTCCACCCAGTACTCC-5" and the mutant
5'-ATCAGCAGGCACATGAGG-3" 3'-TAGTCGTCCGTG-
TACTCC-5'.

RNA Preparation and RT-PCR. Total RNA was extracted by using
TRIzol reagent according to the manufacturer’s instructions
(Sigma). RT-PCR was performed as described (21). The primers
used for mouse BACE were: 5'-CCGGCGGGAGTGGTATTAT-
GAAGT-3" and 5'-GATGGTGATGCGGAAGGACTGATT-3;
for murine GAPDH: 5'-ACGACAGTCCATGCCATCAC-3’ and
5'-TCCACCACCCTGTTGCTGTA-3’; and for murine PPARYy:
5'-ATGCTGGCCTCCCTGATGAATAAA-3" and 3'-ACAA-
GCGGTTCCACGAGGTC-5'.

Immunohistochemistry. Mouse brain sections were stained with
antibody pan-Ap. For quantitative image analysis of subiculum
immunostaining, serial sagittal sections were examined. All images
were acquired by using a standard light and immunofluorescence
microscope (Nikon, Eclipse E-800) connected to a digital camera
(DXC-9100P, Sony, Cologne, Germany) and to a personal com-
puter system with LUCIA imaging software (LUCIA 32G, Version
4.11; Laboratory Imaging, Dusseldorf, Germany).

Statistical Evaluation. Data were statistically analyzed by SYSTAT
(Systat, Evanston, IL) by using ANOVA followed by the Tukey post
hoc test.

Results

Effect of PPARy Supression on AB Secretion and BACE1 Expression.
We sought to determine the specificity of the effect of inflamma-
tory cytokines and ibuprofen (14, 22) in MEFs either wild type or
deficient in PPARy (PPARy—/— MEF). The latter cells lack
PPARY protein and mRNA as assessed by Western blotting and
semiquantitative RT-PCR, respectively (Fig. 14). Western blotting
analysis with two different antibodies showed specificity for
PPARY, because there was no signal detected in PPARy null cells.

MEF were transiently transfected with APPsw (APP695 con-
taining the Swedish mutation) and incubated with a combination of
cytokines (TNF-«a + IFN-y). PPARy—/— MEF did not show any
modulation of A secretion and BACE1 protein expression by
immunostimulation and/or incubation with ibuprofen (10 uM)
(Fig. 1 B and C), and this effect was reversed by PPAR'y transfec-
tion. Interestingly, the levels of BACEI protein in PPARy knock-
out cells were increased compared with wild-type cells and cells
retransfected with PPARy cDNA, indicating that PPARy affected
BACEI cytokine-induced expression (Fig. 1C).

Additionally, we determined whether the suppression of PPARy
by siRNA affected the levels of BACELI protein and the secretion
of AB. In N2a cells with stable expression of APPsw, transfection
of siRNA against mouse PPARYy effectively decreased PPARYy
expression (Fig. 1A4). Unlike control cells, siRNA-treated cells
showed no modulation of A secretion or of BACEI protein levels
by incubation with proinflammatory cytokines or ibuprofen (Fig. 1
D and E). We compared our results using another sequence of
siRNA, which did not decrease PPARY levels, and observed no
change in BACE1 expression (data not shown). Specific ELISA for
ABi-40 and AB;_42 in media from HEK293 cells stably transfected
with APPsw and transiently transfected with siRNA against human
PPARy showed the same effects (Fig. 1F).

Because PPARY transcriptional activation depends on ligand
binding, we determined whether transfection of N2a-APPsw cells
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Fig. 1. APP metabolism in cells that do not express PPARy. (A) PPARy
expression and mRNA representation of MEF wild-type cells, heterozygous
and knockout for PPARy. PPARy expression in N2a-sw cells transfected with
siRNA for PPARYy. (B) Quantification of AB levels (n = 5) in MEF cells nonstimu-
lated, stimulated with IFN-y (1 ng/ml) + TNF-a (30 ng/ml) overnight, and then
incubated with ibuprofen (IBU) (10 uM) for 4 h. (C) Quantification of BACE1
protein expression in MEF knockout for PPARy with the same conditions as
above. (D) Quantification of Ag levels (n = 5) in N2a-sw cells transfected with
siRNA stimulated as above. (E) Quantification of BACE1 expression in N2a-sw
cells with the same conditions as above. Columns represent mean + SEM. (F)
Analysis of AB1_40 and AB1_4z secretion in HEK293 APPsw cells transfected with
siRNA for PPARy by ELISA (n = 3). Asterisks, significant differences between
control and treatment. #, significant differences between treatment with
cytokines alone and with NSAIDs. *, P < 0.05; #, P = 0.05, ANOVA followed by
a Tukey post hoc test.

with a mutant inactive PPARYy affected the production of AB. The
N2a-APPsw cells transfected with PPARy2-E499Q did not result in
any change in A secretion following stimulation by proinflamma-
tory cytokines or by incubation with ibuprofen, relative to N2a-
APPsw cells transfected with wild-type PPARY2 (see Fig. 5 and
Supporting Text which are published as supporting information on
the PNAS web site).

Effect of Inflammatory Cytokines and Ibuprofen on BACE1 Transcrip-
tion in PPARy Knockout Cells. To define whether transcriptional
regulation of BACE1 was modified in cells lacking PPARYy, we
performed semiquantitative RT-PCR on wild-type and
PPARYy—/— MEF cells treated with TNF-a + IFN-y, with or
without ibuprofen (10 uM). Significantly, in MEF lacking PPARY,
the endogenous levels of BACE1 mRNA present 4-fold higher
levels than wild-type cells (Fig. 2.4 and B). Similar to the results for
BACETI protein expression, the level of BACE1 mRNA increased
under inflammatory conditions in wild-type MEF but remained
constant in PPARy—/— MEF (Fig. 24). The same results were
obtained by using Northern blot analysis (data not shown). Con-
versely, the steady-state PPARy mRNA levels decreased when cells
were incubated with TNF-a + IFN-v, and this effect was partially
abolished by ibuprofen, in agreement with data in adipocytes (23)
(Fig. 24 and C).
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Fig. 2. Transcriptional regulation of PPARy and BACE1 by inflammatory

cytokines and NSAIDs. (A) Modulation of BACE1 and PPARYy steady-state
mRNA levels by IFN-y (1 ng/ml) + TNF-« (30 ng/ml) is reversed with ibuprofen
(IBU) (10 uM) in wild-type but not in knockout cells, shown by semiquantita-
tive RT-PCR analysis of BACE mRNA. (B) Quantification of BACE1 steady-state
mRNA levels in four experiments performed in PPARy wild-type, heterozy-
gous, and knockout cells. (C) Quantification of PPARy steady-state mRNA
levels in four experiments performed with the same samples. Columns repre-
sent mean = SEM. (D) N2a-Sw cells transfected with PPARy1 luciferase re-
porter construct were stimulated with IFN-y (1 ng/ml) + TNF-a (30 ng/ml) with
or without IBU (10 uM) or INDO(10 uM) (n = 3). *, P < 0.05 ANOVA followed
by a Tukey post hoc test.

To determine whether incubation with cytokines modulated
PPARY transcription, we transfected N2a cells with a plasmid
containing a 3-kb fragment of the human PPAR+y1 gene promoter
upstream of a luciferase reporter gene. Incubation of transiently
transfected N2a cells with TNF-a + IFN-vy considerably reduced
PPARv1 promoter activity (Fig. 2D). This suppression of PPARyl
expression by inflammatory cytokines was partially reversed by
treatment with indomethacin or ibuprofen (Fig. 2D). Moreover, to
define the capability of PPAR+y to modulate transcriptional trans-
activation, we examined the activity of a PPRE reporter construct,
transiently transfected in N2a cells, and observed similar effects
(see Fig. 5).

Effect of Inflammatory Cytokines and NSAIDs on BACE1 Promoter
Activity. We determined whether BACE1 promoter activity was
modulated by PPARy-dependent transactivation. MEF were trans-
fected with a construct containing a 1.5-kb fragment of the rat
BACEI1 gene promoter in conjunction with luciferase to compare
BACEL1 gene promoter activity in the presence or absence of
PPARY. In wild-type MEF, the BACE1 promoter activity was not
affected by the proinflammatory cytokines, whereas it was de-
creased by ibuprofen (Fig. 34). In PPARy—/— MEF, the activity
of the BACEI gene promoter was increased ~3.5-fold (Fig. 34),
paralleling the increase in BACE1 mRNA and protein in
PPARy—/— cells, strongly suggesting that PPARY is a powerful
repressor of the BACE1 gene (Fig. 34). Reconstitution of
PPARy—/— MEF by transfection with PPARy cDNA reversed the
effects and demonstrated the specificity of the action of PPARy on
BACE1 promoter activity (Fig. 34).

To define the elements in the BACE1 gene promoter that are
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Fig.3. PPARymodulates BACE1 promoter activity. (A) Luciferase activities of
a 1.5-kb BACE1 promoter/luciferase reporter construct transfected in PPARy
wild-type, knockout, and knockout transfected with PPARy cDNA MEF. Cells
were treated with by IFN-y (1 ng/ml) + TNF-«a (30 ng/ml) with or without
ibuprofen (IBU) (10 uM), n = 5. (B) NSAIDs and PPARy agonists inhibit
transcription of BACE1 promoter. N2a-sw cells transfected with BACE1 pro-
moter and incubated with IBU, Pio, Indo, Napro, GW0072X (1 uM), BAY11-
7082, and sulindac sulfide n = 4, all at 10 uM concentration. (C) PPARy
transfection inhibits BACE1 promoter activity. N2a-sw cells were transfected
with BACE1 promoter construct and PPARy1, PPARy2, and PPARYy2 E499Q
cDNA and incubated with or without IBU (10 uM); n = 4. (D) MEF transfected
with BACE1 promoter control and mutated at the PPRE site were incubated
with IBU (10 uM). (E) N2a cells transfected with BACE1 promoter control and
mutated at the PPRE site were incubated with IBU (10 uM). Columns represent
mean =+ SEM, n = 4. Asterisks, significant differences between wild-type cells
and treated cells. #, differences between transfected cells treated or un-
treated. *, P = 0.05; **, P = 0.01; ***, P < 0.001; #, P = 0.05; ##, P = 0.01,
ANOVA followed by a Tukey post hoc test. (F) Gel-shift analysis with the
BACE1-PPRE probe using nuclear extract from MEF cells. The major PPARy-
containing complexisindicated by the arrow. Lane 1, MEF wild-type cells; lane
2, MEF PPARYy knockout cells; lane 3, MEF PPARy knockout cells transfected
with PPARy1 ¢cDNA; lane 4, MEF wild-type cells incubated with a excess of
unlabeled BACE1-PPRE probe. (G) Gel shift using HEK293 cells transfected with
human PPARy2 cDNA. Lane 1, control; lane 2, supershift analysis; lane 3, molar
excess of unlabeled BACE1-PPRE probe; lane 4, labeled mutant BACE1-PPRE
probe (BACE1-PPREM).

critical for the PPARy repression, we analyzed truncated constructs
by removing sequence segments that appeared potentially impor-
tant for the regulation of the BACEI gene (see Fig. 6, which is
published as supporting information on the PNAS web site). The
promoter activity of BPR.Del (containing residues —1 to —753)

446 | www.pnas.org/cgi/doi/10.1073/pnas.0503839103

was significantly higher than that of the original 1.5- kb promoter
construct, suggesting suppressor elements to be located between
—754 and —1,541 bp (11). The activity of this construct was high
when tested in cells with or without PPARY, indicating that the
deleted region could contain consensus-binding sites for PPARy or
other transcription factors modulated by PPARY.

We then tested a number of NSAIDs and PPARy agonists on
BACEI1 promoter activity in N2a neuroblastoma cells. Ibuprofen,
indomethacin, naproxen, or the PPARy agonist pioglitazone all
repressed BACE1 promoter activity, whereas coincubation with the
PPARY antagonist GW0072 reversed the suppressive effect of
ibuprofen (Fig. 3B). We also measured the effect of the NF-«B
inhibitor BAY11-7082 and sulindac sulfide, which is an NSAID that
does not activate PPARY, and observed no change in BACE1
promoter activity (Fig. 3B). On the other hand, overexpression of
PPARv1 and of PPARY2 in N2a cells robustly repressed BACE1
gene promoter activity in a ligand-dependent manner (Fig. 3C).
Ibuprofen had no effect on BACE1 gene promoter activity in cells
transfected with the mutant PPAR~Y2-E499Q .

The Rat BACE1 Gene Promoter Contains a PPARy Responsive Element
PPRE. The increase in promoter activity of the BPR-Del(—1 to
—753) mutant suggested the presence of suppressors of BACE1
transcription between —754 and —1,541 bp. Inspection of the
sequence of this region revealed a possible consensus-binding site
for PPARybetween —1356 and —1338, 5'-GGTGGGTCATGAG-
GTTCA-3’, which was experimentally analyzed by introducing
point mutations in the BACEL gene promoter reporter. Mutation
of four nucleotides of the putative PPARY site resulted in up-
regulation of BACEI gene promoter activity in wild-type MEF cells
as opposed to unchanged activity in PPARy—/— MEF (Fig. 3D).
Furthermore, ibuprofen failed to decrease the promoter activity of
the putative PPRE mutant BACE1 gene promoter construct (Fig.
3D). The same results were observed in N2a cells transfected with
wild-type BACE1 gene promoter and mutated in the PPRE
(Fig. 3E).

To define further the specificity of the putative PPRE, we
performed gel-shift analysis with a double-stranded oligonucleotide
probe corresponding to the BACE1 promoter region containing
the PPRE. The radiolabeled double-stranded probe (PPREwt) was
incubated with nuclear extracts from MEF and HEK293 cells
transfected with human PPAR~2, resulting in the formation of
several high-molecular complexes (Fig. 3 F and G). The formation
of one of the complexes was efficiently reduced by an excess of
unlabeled probe, indicating the specificity of the PPARy bound to
this consensus motif (Fig. 3 F, lane 4, and G, lane 3). Incubation
with an antiserum to PPARy resulted in the disappearance of the
same complex (Fig. 3G, lane 2). The substitution of four bases in the
synthetic oligonucleotide (PPREM) abolished the binding (Fig. 3G,
lane 4). Nuclear extracts from PPARy—/— MEF cells and
PPARYy—/— MEF transfected with PPARyl cDNA were also used
as controls (Fig. 3F, lanes 2 and 3).

Treatment with PPARy Agonists Affects the Levels of PPARy, BACE1,
and AB Generation in APPV7171 Mice. To prove the effects of PPARYy
activation in vivo, we performed experiments using the APPV7171
mouse model of AD. In wild-type animals, the levels of PPARYy
mRNA and protein decreased with age and were higher compared
with APPV7171 transgenic mice, in agreement with the existence
of an inflammatory component in AD mice (Fig. 44). We have
recently observed that ibuprofen and pioglitazone treatment in
APP transgenic mice results in a reduction of glial inflammation
and A levels in plaques as measured by ELISA (24). Therefore, we
sought the underlying mechanism behind these effects and detected
increased PPARYy transcript and reduced BACE1 mRNA levels
(Fig. 4B) as well as reduced CTF-p levels (Fig. 4E). To validate that
PPARY activation decreases total AB generation in vivo, we deter-
mined the intracellular AB levels by staining brain sections with
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(A) Quantification of PPARy expression in cortex from mouse brain control
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levels of PPARy and BACE1 APPV717I mice treated with ibuprofen (IBU) and
pioglitazone (Pio). (C) Immunostaining of intracellular Ag in subiculum from
APPV7171 mice treated with IBU and Pio. (D) Quantification of percentage of
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Bar, 100 uM. Columns represent mean = SEM, n = 4. (E) Representative
Western blot for CTF-8 fragments in cortex from APPV7171 mice treated with
IBU and Pio. (F) Representative Western blot for PPARy expression in brain
lysates from two control and two AD patients. As a negative control, g-actin
expression was analyzed. (G) Quantification of the levels of -actin, PPARYy,
and BACE1 in the frontal cortex of 10 controls and 10 AD patients. Asterisks,
significant differences between control and AD. *, P = 0.05; **, P = 0.01.
ANOVA followed by a Tukey post hoc test or Student'’s t test for human brains.

antibody pan-AB. Treatment with ibuprofen and pioglitazone
dramatically reduced the levels of intracellular AB (Fig. 4 C and D),
without affecting the APP levels (data not shown), suggesting that
PPARY activation could regulate AB generation.

PPARy and BACE1 Expression in AD Brain. To determine whether
PPARY is important for BACEI regulation in humans, we exam-
ined the levels of expression of PPARy in postmortem brain
sections from AD patients (see Fig. 7, which is published as
supporting information on the PNAS web site). We quantified the
protein levels of PPARy and BACE/ in the frontal cortex of 10 AD
patients compared with 10 controls. In AD brain, PPARy protein
levels were reduced by 40% compared with controls (Fig. 4 F and
G), whereas BACEI expression was increased (Fig. 4F). To inves-
tigate whether the binding of PPARy to the BACE1 gene promoter
was affected, we performed gel-shift analysis with the PPREwt

Sastre et al.

probe after incubation with nuclear extracts from brain of five AD
patients and five controls. The retarded band corresponding to the
PPRE complex was reduced by 50% (see Fig. 7), indicating that
PPARY protein levels and its binding are decreased in AD brain.
Combined with all of the other data, these findings strongly point
to adirect role of PPARyin the increased BACE1 transcription and
activity in AD, facilitating the generation of Ap.

Discussion

Epidemiological and experimental evidence suggested a significant
inflammatory component in AD and documented the beneficial
effect of NSAIDs in this pathology (25, 26), stating an anti-
inflammatory effect. The underlying molecular mechanism was
related to decreased secretion of AB peptides in cultured cells and
in amyloid mouse models (14, 22, 24, 27-29). Some NSAIDs, but
not all, have been shown to be able to activate PPARvy (15).
Ibuprofen, indomethacin, and naproxen are among the five most-
prescribed NSAIDs, which potentially decrease the risk for AD
(30). In this paper, we suggest that the NSAIDs that are PPARYy
activators reduce Ap levels by repressing BACE1 promoter activity.

Because it is widely recognized that a local inflammatory
response within the brain contributes to the pathophysiology of
AD, we performed our assays under inflammatory stimuli. For
this reason, our data related to NSAIDs on APP processing are
not comparable to those previously reported by using non-
inflammatory conditions (28, 29, 31, 32). We recently observed
that proinflammatory cytokines activate BACE1 expression,
transcription, and activity in cultured neuroblastoma cells (14).
The increase was reversed after treatment with NSAIDs or
PPARY agonists. Therefore, we sought to define whether this
effect was specific for PPAR+y and to determine the molecular
mechanisms by which PPARy decreases BACEL1 transcription
and thereby AB generation. Here we show that the effect of
ibuprofen and other NSAIDs on BACELI expression and Af3
secretion is specifically mediated by PPAR<y. Importantly,
BACEI! transcription was found to be up-regulated in MEF
PPARY knockout cells compared with wild-type cells. These
results were confirmed by reporter gene assays, which demon-
strated that lack of endogenous PPAR<y facilitates BACE1
promoter activity, suggesting that PPARy could be a suppressor
for BACE1 promoter. Moreover, incubation of N2a cells with
NSAIDs that are PPARy activators showed a decrease in
BACEL gene promoter activity, and this effect was not repro-
duced by NSAIDs that are not PPARy agonists, such as sulindac
sulfide and aspirin. Equally robust effects were detected by
overexpression of PPAR+yl and PPAR%2, which significantly
reduced BACE1 promoter activity.

The upstream sequences of the BACE1 gene promoter are highly
conserved among rat, mouse, and human, indicating that this region
contains regulatory elements that modulate BACE1 gene tran-
scription (11-13). We identified a putative PPARy consensus
sequence in the region located between nucleotides —1356 and
—1338. The activity of the BACE1 gene promoter mutated in the
putative consensus sequence for PPARy was increased in MEF
cells relative to the wild-type promoter and was not affected by
ibuprofen, strengthening the hypothesis of the negative modulation
of BACEL transcription by PPARYy. That PPARvy binds to the
putative PPRE in the BACE1 gene promoter was demonstrated
directly by mobility-shift assays. The BACE1 gene promoter con-
tains other putative transcription factor-binding sites, i.e., for NF-
kB, SP-1, AP1, and AP2. Because PPAR"y can modulate the activity
of different transcription factors, we cannot exclude completely that
PPARY agonists also affect BACE1 gene promoter activity by
antagonizing the activity of other transcriptional regulators.

It has been suggested that inflammatory cytokines and oxidative
stress decrease PPARy mRNA in adipocytes (23), and thiazo-
lidinediones reverse this effect (33). Similarly, we demonstrate here
that certain combinations of inflammatory cytokines are able to
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decrease PPARymRNA levels and PPRE activity in neuronal cells,
and this effect is suppressed by incubation with NSAIDs. In
addition, we show that PPAR+y gene transcription is strongly
reduced by inflammatory cytokines, and this can be prevented by
incubation with ibuprofen or indomethacin. In this line, it has been
recently shown in adipocytes that TNF-a suppresses PPARYy2
transcription by inhibiting the binding of C/EBPS to the PPARY2
promoter (34). Interestingly, we observed strongly decreased
PPARY protein levels in the frontal cortex of AD brain and in
transgenic mice. An increase of the release of inflammatory
cytokines by glial cells could be the determinant for the decrease in
PPARY levels in the brain and consequently could alter BACE1
transcription. This would support the hypothesis of the existence of
avicious cycle that accelerates the progression of AD (Fig. 8, which
is published as supporting information on the PNAS web site). We
believe that PPARy is herein a major factor, because in the absence
of PPARY, there is no modulation of AB secretion by inflammation.
The decrease of PPARYy levels detected in the brain of AD patients
is not likely to be solely due to neuronal loss or secondary effects,
i.e., loss of synapses. We have observed a similar decrease of
PPARY levels in lymphocytes from multiple sclerosis patients
compared with healthy controls (35). It is therefore tempting to
speculate that patients, even with minor signs of cerebral inflam-
mation, could be predisposed to develop AD earlier due to reduced
PPARylevels that would consequently increase BACEL1 expression
and A generation.

Our in vivo results support the in vitro observations, indicating
that the PPARy mRNA levels are up-regulated in transgenic
mice after treatment with PPAR<y agonists and as a conse-
quence, decreased BACE1 expression leads to reduced total
intracellular AB. This indicates that PPARy activation is indeed
involved in the regulation of AB generation, in contrast with
another hypothesis that suggests PPARy activation could cause
an increase of extracellular AB degradation (31). Our data are
in agreement with previous publications describing that treat-
ment with certain NSAIDs and PPARYy agonists in AD mouse
models decreased ABi_40 and ABi_4z levels (24, 27, 29, 36, 37).
We do not exclude that some NSAIDs could show a selective
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reduction in ABj_42, but that effect could be independent of
PPARYy activation. In addition, the concentrations of NSAIDs
required to detect an effect in AB1_40/AB1_42 ratio are consid-
erably higher (28), whereas the concentrations of NSAIDs to
start the activation of PPARy and decrease BACELI transcrip-
tion are in the same range as active concentrations of NSAIDs
found in human plasma and cerebrospinal fluid (38-40).

Conclusion

We have shown that PPARy represses BACEL gene promoter
activity in response to ligand binding to a PPRE located in the
BACEI1 gene promoter. This could be a potential mechanism by
which NSAIDs have a protective effect against the development
of AD. Moreover, we demonstrate that inflammatory cytokines
modulate PPARYy transcription and PPRE activity, suppressing
the negative regulation of PPARy on BACEI gene expression in
vivo and in vitro. These effects may explain the overexpression of
BACEI! in the brain under inflammatory conditions and em-
phasize the hypothesis that neuroinflammatory mechanisms
significantly contribute to the pathogenesis of AD.
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